Hematopoietic stem cell transplant (HSCT) treats or cures a variety of hematological and inherited disorders. Unfortunately, patients who undergo HSCT are susceptible to infections by a wide array of opportunistic pathogens. Pseudomonas aeruginosa bacteria can have life-threatening effects in HSCT patients by causing lung pathology that has been linked to high levels of the potent pro-inflammatory cytokine, interleukin-1b (IL-1b). Using a murine bone marrow transplant (BMT) model, we show that overexpression of prostaglandin E 2 (PGE 2 ) post-BMT signals via EP2 or EP4 to induce cyclic adenosine monophosphate (cAMP), which activates protein kinase A or the exchange protein activated by cAMP (Epac) to induce cAMP response element binding-dependent transcription of IL-1b leading to exacerbated lung injury in BMT mice. Induction of IL-1b by PGE 2 is time and dose dependent. Interestingly, IL-1b processing post-P. aeruginosa infection occurs via the enzymatic activity of either caspase-1 or caspase-8. Furthermore, PGE 2 can limit autophagy-mediated killing of P. aeruginosa in alveolar macrophages, yet autophagy does not have a role in PGE 2 -mediated upregulation of IL-1b. Reducing PGE 2 levels with indomethacin improved bacterial clearance and reduced IL-1b-mediated acute lung injury in P. aeruginosa-infected BMT mice.
INTRODUCTION
Hematopoietic stem cell transplant (HSCT) utilizes stem cells derived from bone marrow, umbilical cord blood, or peripheral blood to treat or cure a variety of hematological disorders. 1 This procedure has become a standard of care with 418,000 HSCT performed every year in the United States alone. 1 HSCT requires a conditioning regimen (e.g., total body irradiation and/or chemotherapy) to allow the patient's hematopoietic system to be replaced by donor cells. Depending on disease, the patient can undergo autologous (self-donation of stem cells) or allogeneic (stem cells from a human leukocyte antigenmatched donor) transplants. Unfortunately, patients who undergo HSCT become immunosuppressed and susceptible to infections by opportunistic pathogens. 2 Around 60% of HSCT patients develop pulmonary complications, many of them due to bacterial infections, which correlate with high mortality and morbidity. [1] [2] [3] Infections post-HSCT are independent of conditioning regimen and type of transplant as both autologous and allogenic patients are highly susceptible. Infections can take place in the preengraftment phase (before 30 days posttransplant) as well as after immune reconstitution (after 30 days posttransplant). 3 Although infections can be caused by viral, bacterial, or fungal organisms, bacterial infections are increasingly problematic due to the rise in drug-resistant bacteria. Bacterial infections post-HSCT can occur in 51.3% of HSCT patients. 2 These infections, including infections by the Gram-negative bacterial pathogen, Pseudomonas aeruginosa, cause life-threatening complications. 2 P. aeruginosa is an opportunistic pathogen that normally infects immunocompromised individuals, such as HSCT patients. 2, [4] [5] [6] [7] It is a leading nosocomial pathogen, and it is the most frequently isolated Gram-negative bacteria in the intensive care unit. 8 This pathogen causes urinary tract infection, hospital-acquired pneumonia, and bacteremia in burn patients. 9 It is also the predominant cause of morbidity and mortality in cystic fibrosis patients. There has been a significant increase in research effort studying P. aeruginosa due to the difficulty of treating infected patients, as 26% of its isolates are resistant to antibiotics and disinfectants. 8 Understanding how to modulate P. aeruginosa infections in an antibiotic-independent method is likely to have positive impacts on the outcome of infected patients. Although many antimicrobial pathways have been linked to P. aeruginosa clearance, induction of inflammasome activation and interleukin-1b (IL-1b) secretion have pathogenic roles during P. aeruginosa infection. 5 The inflammasome is a multi-protein complex expressed mainly in immune cells and activated by pathogenic stimuli. Its activation leads to secretion of two potent inflammatory cytokines, IL-1b and IL-18. Their secretion pathways are complex and partially unknown but have been well established to require two signals. Signal one leads to upregulation of immature pro-cytokines and is mediated by Toll-like receptor stimulation by pathogen-associated molecular patterns. Gramnegative bacteria such as P. aeruginosa can trigger signal one by stimulation of Toll-like receptors 4 and 5 via lipopolysaccharide (LPS) and flagella, respectively. [10] [11] [12] Signal two can be triggered by a wide array of pathogenic stimuli that culminate in aggregation of inflammasome components (e.g., caspase-1 or NOD-like receptor proteins) and result in secretion of mature IL-1b and IL-18. P. aeruginosa can induce signal two via recognition of type III secretion proteins. Although a protective mechanism against many pathogens, overproduction of IL-1b has been associated with auto-inflammatory syndromes such as gout and periodic fever syndromes, such as Familial Mediterranean Fever and cryopyrin-associated periodic fever syndromes. 13 Therapies targeting IL-1b signaling have shown better outcomes in cryopyrin-associated periodic fever syndrome patients. 14 Moreover, asbestos and silica inhalation can cause IL-1b-dependent pulmonary fibrosis mediated by alveolar macrophage (AMs). 15 In the lung, P. aeruginosa can induce IL-1b secretion by AMs. 5 Interestingly, depleting AMs prior to P. aeruginosa infection leads to significantly lower levels of IL-1b in the lung, improving survival. 5 Apart from IL-1b secretion, P. aeruginosa infection has also been shown to be regulated by prostaglandin E 2 (PGE 2 ). 6, 7, 16 PGE 2 is a lipid mediator derived from arachidonic acid by the enzymatic activity of cyclooxygenase (COX) and PGE synthases that signals through four different G-proteincoupled plasma membrane receptors of the E-prostnoid (EP) family termed EP1, EP2, EP3, and EP4. Each receptor activates different intracellular pathways. Stimulation of EP1 receptor increases intracellular calcium and activation of protein kinase C, which stimulates the transcription factors, nuclear factor of activated T cells and nuclear factor-kB. 17 EP2 and EP4 receptors are stimulators of adenylyl cyclase (AC) and phosphoinositide 3-kinase, respectively. AC mediates conversion of adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP) leading to activation of protein kinase A (PKA) and the transcription factor cAMP response element binding (CREB). The EP3 receptor is a regulator of the EP2-EP4 signaling pathway as its activation leads to inhibition of AC. P. aeruginosa infection increases the levels of inducible COX2 leading to high levels of PGE 2 and inhibition of COX2, with subsequent diminished production of PGE 2 , can lead to a better outcome in P. aeruginosa-infected mice. 7 Interestingly, HSCT patients possess higher levels of PGE 2 in blood and bronchoalveolar lavage (BAL) when compared with healthy non-transplanted individuals. 18, 19 PGE 2 is dysregulated in HSCT patients 18 and suppression of PGE 2 confers protection against P. aeruginosa infection in murine HSCT models. 6 However, other roles of PGE 2 in the context of HSCT and pulmonary P. aeruginosa infection remain elusive. To study bacterial lung infections post-HSCT, we use a mouse model of syngeneic bone marrow transplant (BMT). Total body irradiation is used as a conditioning regimen. 6, [20] [21] [22] Experiments are performed in the postengraftment period, 5 weeks post-BMT when lung leukocytes are composed of 82% donor cells and splenic leukocytes are 95% donor cells. 20 We previously reported that BMT mice are deficient in phagocytosis and killing of P. aeruginosa, 6, 23 correlating with observations in humans. 2 In the present study, we compare the cytokine profile and lung tissue injury of control and BMT mice after P. aeruginosa infection. We also tested the direct relationship of PGE 2 with P. aeruginosainduced IL-1b and examined the effect that PGE 2 stimulation had on autophagy, a main mechanism of P. aeruginosa clearance by AMs that has also been linked to inflammasome regulation. 24, 25 
RESULTS
BMT mice are deficient in clearing P. aeruginosa infection and experience exacerbated lung tissue injury BMT mice are deficient in clearing a P. aeruginosa PAO-1 infection compared with healthy control mice 24 h postinfection ( Figure 1a ), confirming published data. 6 Deficiency in clearing bacteria is not due to low numbers of immune cells in the alveolar compartment as there are no differences in cell numbers or percentages of monocyte/macrophages and lymphocytes in the BAL (see Supplementary Figure S1A ,B online) between groups. We also noted higher levels of albumin in the BAL fluid (BALF) of BMT mice compared with control mice (Figure 1b ), suggesting more severe pulmonary injury ( Figure 1c ). Acute lung injury (ALI) is a leading cause of death in the intensive care unit, characterized by accumulation of leukocytes, protein leakage, and epithelial injury. ALI has been linked to high levels of IL-1b in the lung. 26 Thus we measured the levels of several pro-inflammatory cytokines. We found higher levels of IL-1b but not other pro-inflammatory cytokines (IL-6, IL-12, tumor necrosis factor (TNF)-a; data not shown) in BALF from infected BMT mice compared with control mice (Figure 2a ). We tested the levels of PGE 2 in BALF and detected higher levels of PGE 2 in BMT mice infected with PA01 compared with infected control mice. Moreover, we noticed that mice expressing higher levels of PGE 2 have direct and significant correlations between levels of IL-1b and tissue injury but not with other cytokines, such as TNF-a ( Figure  2c -f). Previous research has suggested a role for PGE 2 in IL-1b induction. 27, 28 Thus exacerbated levels of IL-1b post-P. aeruginosa infection might mediate lung tissue injury and be dependent on PGE 2 . Additionally, P. aeruginosamediated IL-1b release has been shown to be dependent on AMs. 5, 26 Thus we directed our attention to AMs in BMT mice.
Pro-inflammatory AMs in BMT mice account for higher levels of IL-1b in response to P. aeruginosa infection
To determine the sources of IL-1b and PGE 2 in the lung, we compared mRNA levels from AMs obtained by BALF to lung interstitium. Transcripts for the rate-limiting enzymes in PGE 2 synthesis, COX1 and COX2, were higher in AMs from BMT mice compared with control ( Figure 3a ). This was unique to AMs but not to interstitial samples. In addition, AMs from BMT mice have higher levels of IL-1b transcripts compared with control cells (Figure 3a ). Consistent with our past studies, overnight culture of AMs from BMT mice secreted higher levels of PGE 2 compared with cells from control mice ( Figure 3b ). To assess whether PGE 2 can have an effect on IL-1b secretion, we pretreated AMs with or without PGE 2 prior to PA01 infection, in vitro. We detected higher levels of IL-1b in supernatants of AMs pretreated with PGE 2 and infected with PAO1 compared with AMs infected with PA01 alone (Figure 3c ). Moreover, to determine whether higher bacterial burden in BMT mice was responsible for higher levels of IL-1b, we induced ALI with LPS instillation in control and BMT mice. We detected higher IL-1b but not IL-6 or TNF-a in BALF from BMT mice compared with control mice post-LPS instillation (Figure 3d 
PGE 2 induces higher levels of IL-1b upon pathogenic stimuli
To assess whether PGE 2 could induce IL-1b in macrophages other than AMs, we prepared bone marrow-derived macrophages (BMDMs) from healthy mice and pretreated them with PGE 2 prior to PA01 infection, in vitro. Similar to AMs, we detected higher IL-1b, but not IL-10, in supernatants of PGE 2 -stimulated cells compared with non-treated cells post-PA01 (Figure 4a,b ). In addition, to detect whether PGE 2 -mediated higher levels of IL-1b with different stimuli, we pretreated BMDMs with and without PGE 2 and stimulated cells with LPS and/or heat-killed PA01. In all cases, PGE 2 pretreatment increased the levels of IL-1b compared with non-treated cells (Figure 4c) . A canonical method to achieve IL-1b secretion is to activate the NOD-like receptor family, pyrin domain containing 3; nucleotide-binding leucine-rich repeatcontaining pyrin receptor 3 inflammasome by stimulation of the pannexin-1 channel and the purinergic P2X7 by LPS priming and ATP treatment. 25, [28] [29] [30] We also detected higher IL-1b in BMDMs pretreated with PGE 2 and treated with LPS and ATP when compared with treatment with LPS and ATP alone ( Figure 4d ). Furthermore, we noted higher levels of IL-1b in BMDMs pretreated with PGE 2 and infected with methicillin-resistant Staphylococcus aureus (MRSA) or Streptococcus pneumoniae compared with infected BMDMs not treated with PGE 2 (see Supplementary Figure S2B ). MRSA and S. pneumoniae are also main pathogens that infect immunosuppressed individuals. 6, 19, 31, 32 PGE 2 -mediated increase in IL-1b is dependent on activation of transcription factor CREB via increased levels of cAMP dependent on EP2 and EP4 signaling We next probed PGE 2 signaling pathways. We stimulated PGE 2 receptors using pharmacological agonists for the EP2, EP3, and EP4 receptors. 17 A selective EP1 agonist is not available. We found that prestimulating BMDMs with EP2 and EP4 agonists lead to higher levels of IL-1b post-P. aeruginosa infection ( Figure 5a ). EP3 stimulation did not lead to higher IL-1b (data not shown). EP2 and EP4 receptors activate AC and increase cAMP from cytosolic ATP. We pretreated BMDMs with the AC stimulator forskolin prior to PA01 infection and observed higher levels of IL-1b in forskolin-pretreated BMDMs ( Figure 5b ). Moreover, as increased levels of cAMP lead to the activation of PKA and Epac (exchange protein directly activated by cAMP), we used agonists for the activation of these two proteins. 33 We found higher levels of IL-1b in supernatant of BMDMs prestimulated with PKA and Epac agonists prior to PA01 infection (Figure 5c ). PKA and Epac activation lead to activation of the transcription factor CREB, thus we used a CREB inhibitor during PGE 2 stimulation prior to PA01 infection. We decreased the levels of PGE 2 -mediated IL-1b using the CREB inhibitor ( Figure 5d ). Thus PGE 2 increases IL-1b by activation of the transcription factor CREB via stimulation of EP2 and/or EP4 receptors. PGE 2 -dependent IL-1b release post-P. aeruginosa infection can be mediated by canonical or non-cannonical inflammasomes and is independent of autophagy inhibition Mycobacterium tuberculosis and Candida albicans have been shown to induce IL-1b by a non-canonical inflammasome pathway dependent on caspase-8 in macrophages. 34, 35 Although a role of caspase-8-mediated IL-1b processing post-P. aeruginosa infection has not been proposed, research has shown that P. aeruginosa-infected caspase-1-deficient mice can secrete normal levels of IL-1b compared with control mice. 36 Thus other proteases might have a role in processing pro-IL-1b post-P. aeruginosa infection. We stimulated macrophages with or without caspase-1 and caspase-8 inhibitors. Interestingly, in both cases, IL-1b secretion was inhibited with or without the effects of PGE 2 (Figure 6a,b ). Stimulating macrophages with LPS and ATP in the presence or absence of caspase-1 and/or caspase-8 inhibitors confirmed the specificity of these inhibitors (see Supplementary Figure S3 ). AMs can clear P. aeruginosa infection by autophagy and IL-1b release can be negatively regulated by autophagy. 24, 25 Autophagy can be induced by serum starvation; thus we tested the effects of PGE 2 on autophagy-enhanced clearance of P. aeruginosa carried out under conditions of serum deprivation. Our results indicate PGE 2 can inhibit autophagy-dependent clearance in AMs (Figure 7a ). To detect whether there is a direct effect of PGE 2 on autophagy, we treated BMDMs with different concentrations of PGE 2 and detected the levels of autophagy-related proteins, LC3 and P62. We detected downregulation of LC3 and accumulation of P62 when we treated AMs with PGE 2 . These changes are characteristic of autophagy inhibition (Figure 7b and Supplementary Figure S4 ). In addition, we induced autophagy by serum starvation with or without PGE 2 stimulation and determined that PGE 2 inhibits the levels of autophagy-related protein, ATG5, by western blotting and quantitative reverse transcriptase-PCR (Figure 7c ). Although we found PGE 2 inhibits autophagy, autophagy-deficient BMDMs were still able to upregulate IL-1b release when PGE 2 was present, suggesting that PGE 2 inhibition of autophagy is not required for processing and upregulation of IL-1b (Figure 7d ).
PGE 2 elevates the levels of IL-1b transcripts by EP2 and EP4 stimulation in human and mouse cells
Considering that neither autophagy inhibition nor inflammasome activation explain why PGE 2 boosted IL-1b release, we next studied the transcriptional effects of PGE 2 on IL-1b. We treated BMDMs with PGE 2 in a dose-and time-dependent manner and detected significant increases in IL-1b transcripts as soon as 2 h post-PGE 2 stimulation (Figure 8a,b) . Furthermore, we confirmed that elevated levels of IL-1b transcripts by PGE 2 stimulation are dependent on increasing levels of cAMP by stimulation of EP2 and/or EP4 receptors but not by EP3 stimulation (Figure 8c) . Moreover, we confirmed our findings in human peripheral monocytes and human AMs (Figure 9 ).
Decreasing levels of PGE 2 reduces P. aeruginosa-mediated lung tissue injury Increased levels of IL-1b post-P. aeruginosa infection aggravate lung tissue injury. 4, 5 Therapeutic strategies using caspase-1 Figure 7 Inhibition of autophagy impacts bacterial killing but not interleukin (IL)-1b release. (a) Alveolar macrophages (AMs) were cultured in complete media or were nutrient starved in Earle's Balanced Salt Solution (EBSS) (#1) or Hanks' Balanced Salt solution (HBSS) (#2) in the presence or absence of prostaglandin E 2 (PGE 2 ; 100 nM) for 2 h. (b) AMs were collected from control mice and stimulated for 1 h in the presence of serum-free media alone with or without a dose response of PGE 2 added (50-500 nM) for 1 h. Cell lysates were then analyzed for the levels of LC3 and p62 by western blotting compared with glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Blot shown is representative of three experiments. (c) AMs were subjected to culture in complete media or were serum starved for 1 h in the presence or absence of 100 nM PGE 2 before RNA was prepared and analyzed for the expression of the autophagy gene ATG5 relative to b-actin by quantitative reverse transcriptase-PCR (n ¼ 4); (bottom) cell lysates were also taken from samples assessed for the levels of ATG5 and b-actin by western blotting. (d) Bone marrow-derived macrophages (BMDMs) from autophagy-deficient LC3 À / À mice were stimulated with 100 nM PGE 2 , PAO1 (multiplicity of infection: 10) or the combination for 2 h before supernatants were collected and measured for IL-1b by enzyme-linked immunosorbent assay (n ¼ 4); Data are representative of two independent experiments and statistics were measured by oneway analysis of variance with Bonferroni post hoc test. *Po0.05; **Po0.01; ***Po0.001; ****Po0.0001; ND, not detected; NS, non-significant.
inhibitors reduced severity of IL-1b pulmonary injury. 26 However, other research has shown that inhibiting IL-1b signaling has no impact on bacterial burden or immune cell recruitment, with minimal effects on lung injury. 36 As we have shown that PGE 2 elevation in BMT mice aggravates lung injury, we tested the effect that PGE 2 inhibition had on lung injury outcomes. We instilled P. aeruginosa to control and BMT mice with or without administration of the COX inhibitor, indomethacin. We noted reduced IL-1b in the BALF as well as lower levels of protein leakage, suggesting that inhibition of PGE 2 can decrease levels of ALI post-P. aeruginosa infection ( Figure 10 ).
DISCUSSION
In February 2017, the World Health Organization published a report containing a list of 12 bacterial pathogens for which new therapeutic strategies are urgently needed (http://www. who.int/medicines/publications/global-priority-list-antibioticresistant-bacteria/en/). P. aeruginosa was considered to be of critical importance. P. aeruginosa is an opportunistic pathogen that causes minimal pathogenicity in healthy individuals but major mortality and morbidity in HSCT patients. 2, 6, 19, 31, 37, 38 Susceptibility to this pathogen has been reported to occur even after immune reconstitution following HSCT. 2, 6, 31 HSCT patients have high levels of PGE 2 in the blood and BALF when compared with healthy individuals. [18] [19] [20] We have previously reported that elevated PGE 2 is causally related to the impaired ability of AMs from BMT mice to phagocytize and kill bacteria. 20, 23, 39 The purpose of the current study was to determine whether PGE 2 production post-BMT was responsible for enhanced lung injury postinfection as well, and if so, by what mechanism. We now know that inflammasome-dependent IL-1b secretion is induced by P. aeruginosa, and better health outcomes have been reported by inhibiting IL-1b signaling. 4, 5, 12, 26, 36 In addition, recent articles have linked PGE 2 signaling with IL-1b regulation. 27, 28, 40 However, reports have shown contradictory effects of PGE 2 on IL-1b release. 27, 28 Thus, in this study, we focused on the PGE 2 -mediated effects on IL-1b response to P. aeruginosa infection by AMs from BMT mice in our quest to determine new therapeutic strategies. A dose of 2 Â 10 6 colony-forming unit (CFU) P. aeruginosa instilled into untransplanted mice causes a moderate infection. 41 Yet, BMT mice have difficulty clearing this bacterial dose and 100% of them die within 48 h. 23 Interestingly, the susceptibility to P. aeruginosa in BMT mice is seen even after immune reconstitution. 6, 23, 42 Here we show evidence that BMT mice have severe vascular and epithelial leakage, indicating a more severe ALI post-P. aeruginosa infection. ALI can be caused by exacerbated levels of pro-inflammatory cytokines. Thus we searched for upregulated levels of different proinflammatory cytokines (IL-12, IL-6, TNF-a, and IL-1b) and found that only IL-1b was significantly higher in BMT mice when compared with untransplanted mice postinfection. In addition, we noticed a direct correlation between IL-1b, PGE 2 , and albumin levels in the BALF but not a correlation with other pro-inflammatory cytokines, such as TNF-a.
Because we observed exacerbated levels of IL-1b post-P. aeruginosa infection in BMT mice, we analyzed the capability of AMs from BMT mice to secrete IL-1b. Interestingly, AMs from BMT mice have higher levels of IL-1b transcripts compared with control mice, correlating with higher levels of COX1 and COX2 transcripts. Furthermore, stimulating AMs with PGE 2 prior to infection with P. aeruginosa also leads to higher levels of IL-1b compared with untreated AMs. These findings show that higher levels of PGE 2 in AMs from BMT mice might influence the higher levels of IL-1b post-P. aeruginosa.
As higher amounts of bacterial burden in BMT mice might influence the levels of IL-1b, we adopted a bacterial-free model of ALI dependent on LPS instillation. 43 We were able to get exacerbated levels of IL-1b, but not IL-6 and TNF-a, in BMT mice compared with untransplanted mice. In addition, in an in vitro model where we controlled the stimulants, we detected that PGE 2 could increase secretion of IL-1b in BMDMs by a wide array of pathogenic stimuli, such as LPS, live and heat killed P. aeruginosa, MRSA infection, and S. pneumoniae infection. All stimuli induce increased IL-1b after previous exposure to PGE 2 in macrophages. Thus PGE 2 signaling acts as signal one for IL-1b secretion. Interestingly, dual stimulation of macrophages with PGE 2 and another signal one stimulant, LPS, can lead to increased IL-1b secretion. This phenomenon is likely explained by the moderate activation of caspase-1 (signal two) in macrophages by LPS stimulation as previously noted. 44 Recent reports have shown an opposite effect of PGE 2 regulation on IL-1b 27 than our results. We compared their PGE 2 -stimulation method, based on 5 min of stimulation by PGE 2 , side by side with our stimulation method, based on 4 h prestimulation with PGE 2 . As expected, we were able to obtain exacerbated levels of IL-1b after 4 h of PGE 2 stimulation, whereas 5 min of stimulation had no effect on IL-1b regulation (see Supplementary Figure S5 ). Thus these comparative results suggest that the kinetics of PGE 2 exposure is important. However, in the setting of HCST, it is important to remember that PGE 2 levels are chronically elevated, 18, 19 and thus in this setting, PGE 2 is promoting IL-1b. PGE 2 signaling is mediated by four members of the G-coupled protein receptor family termed EP1-EP4. 17 We determined that stimulating the EP2 and EP4 receptors in macrophages prior to P. aeruginosa infection leads to higher levels of IL-1b when compared with non-stimulated macrophages. Furthermore, as EP2/EP4 receptors share the ability to activate PKA and Epac, we activated PKA or Epac with the use of intracellular agonists prior to P. aeruginosa infection and detected higher levels of IL-1b when compared with nonstimulated macrophages. We were able to abolish IL-1b secretion in P. aeruginosa-infected mice by stimulating macrophages with an inhibitor for the CREB transcription factor. These data indicate that the PGE 2 -mediated increase in IL-1b is due to CREB transcription factor activation by EP2/EP4-mediated stimulation of PKA and/or Epac. Although we present evidence that CREB is mediating PGE 2 -dependent elevation of IL-1b, we do not discard the possibility that other transcription factors such as nuclear factor-kB 28 may also have a role. Furthermore, while both EP2 and EP4 can mediate the transcriptional effect of PGE 2 in macrophages from control mice, in the setting of BMT, we have previously shown that levels of EP2 are upregulated, while EP4 is slightly downregulated on AMs and an EP2 antagonist, AH6809, was able to mimic effects of indomethacin on AM phagocytosis. 39 Researchers have established autophagy as a main mechanism of P. aeruginosa clearance 24 as well as IL-1b regulation. 10, 25 We tested the effects of PGE 2 in the regulation of autophagy and determined that PGE 2 can inhibit autophagy-induced clearance of P. aeruginosa. Therefore, these data suggested that PGE 2mediated IL-1b increase might be due to autophagy inhibition. However, we detected high levels of IL-1b protein in autophagy-deficient macrophages after PGE 2 administration and infection. Thus the mechanism of PGE 2 -mediated increase in IL-1b production cannot be attributed to impaired clearance of inflammasome components as a result of defective autophagy. 25 Although we previously demonstrated that PGE 2 was associated with impaired autophagy in neutrophils, 19 this is the first description of its ability to limit autophagy in macrophages. Thus PGE 2 may be a common negative regulator of autophagic flux in other cell types as well. Future work will be needed to understand what impact this negative regulation may have on processes, such as epithelial repair.
In macrophages, IL-1b secretion can be mediated by the cysteine proteases, caspase-1 and caspase-8. 35 Thus we tested the role of these two caspases during P. aeruginosa infection. We determined that we could abolish the secretion of IL-1b prior to P. aeruginosa infection with the use of inhibitors to caspase-1 or caspase-8. To our knowledge, these are the first data to link IL-1b secretion post-P. aeruginosa to caspase-8; this pathway has been previously established for M. tuberculosis and fungal infection. 34 These results suggested that P. aeruginosa infection can induce the activation of IL-1b release using either caspase-1 and/or caspase-8. If true, this suggests that P. aeruginosa may be able to stimulate noncannonical inflammasome activation, possibly via crossreactivity caused by recognition of P. aeruginosa by dectin receptors, 45 which are known to be linked to caspase 8 activation. 34 Our data suggest that PGE 2 can influence a pro-inflammatory environment by exacerbating the levels of IL-1b in macrophages. We detected that PGE 2 can mediate a massive increase in IL-1b transcripts. We detected increased IL-1b transcripts in macrophages within an hour poststimulation with PGE 2 . Increases in IL-1b transcripts were dependent on stimulation of EP2 and EP4 receptors but not by EP3. Although we did not have access to an EP1-selective agonist, we would not anticipate this receptor to regulate cAMP levels. 17 Additionally, we were able to detect an increase in IL-1b transcripts following activation of cAMP with forskolin. Moreover, PGE 2 stimulation increased transcription of IL-1b in human AMs and human monocyte-derived macrophages. Altogether, we conclude that PGE 2 can strongly prime macrophages for IL-1b but not other cytokines and, upon pathogenic stimulation, will lead to exacerbated levels of IL-1b causing IL-1b-mediated injury. Thus we expected to decrease the IL-1b-mediated lung injury post-BMT with the use of COX inhibitors. When we tested the effects of PGE 2 inhibition in BMT mice, we were not only able to decrease bacterial load as previously reported 7 but also reduce protein leakage and IL-1b in the lung. When our results are taken together, we identified new mechanisms by which P. aeruginosa causes life-threatening effects in HSCT patients. These findings can help in the development of new therapeutic strategies that can improve outcome of HSCT patients with pulmonary complications due to P. aeruginosa and possibly other pathogens. We speculate that COX inhibitors or possibly Anakinra may offer therapeutic benefit at limiting lung injury caused by bacterial infection post-HSCT.
METHODS
Mice. Male C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME) and used at 6-8 weeks of age. Experiments were approved by the University of Michigan Institutional Animal Care and Use Committee.
Reagents. The following are the reagents used: PGE 2 (1-1000 nM; Cayman Chemicals, Ann Arbor, MI); forskolin (25 mM; Cayman Chemicals); P. aeruginosa LPS (100 ng ml À 1 ; Sigma-Aldrich, St. Louis, MO); ATP (1 mM; Sigma-Aldrich); caspase-1 inhibitor (10 nM Ac-YVAD-CHO; Enzo Life Sciences, Farmingdale, NY); caspase-8 inhibitor (10 nM Ac-IETD-CHO; BD Biosciences, San Jose, CA); CREB inhibitor (100 mM Naphthol AS-E phosphate; Sigma-Aldrich); EP2 agonist (1 mM Butaprost; Cayman Chemicals), EP3 agonist (10 nM Sulprostone; Cayman Chemicals) EP4 agonist (500 nM ONO-AE1-329; Sigma-Aldrich); PKA agonist (50 mM 6-BNZ-cAMP; Biolog, Hayward, CA); and Epac agonist (50 mM 8-pcpt-2 0 -OM-cAMP; Biolog).
Cells. AMs were harvested by performing BAL on C57BL/6J mice using 20 ml of supplemented Dulbecco's Modified Eagle Medium (89% Dulbecco's Modified Eagle Medium, 10% fetal bovine serum, 1% Pen-Strep, and 5 mM EDTA) as described in Domingo-Gonzalez et al. 22 To prepare RNA from interstitial cells, lungs were homogenized in TRIzol (Thermo Fisher Scientific; Waltham, MA) after BAL using a tissue homogenizer (OMNI International; cat# Th115). BMDMs were obtained by flushing bone marrow cells from the femur and tibia of C57BL/6J mice as explained in Trouplin et al. 46 Briefly, bone marrow cells were incubated at 37 1C in 5% CO 2 for 7 days in BMDM differentiation media (59% Iscove's Modified Dulbecco's Medium, 30% L-929 cell supernatant, 10% fetal calf serum, and 1% Pen-Strep). Human AMs were collected by ex vivo BAL of human lungs that were not used for transplant. Human monocyte-derived macrophages were harvested by gradient centrifugation with the use of Ficoll-Paque Plus (GE Healthcare, Uppsala, Sweden) from peripheral blood of healthy donors followed by differentiation with human recombinant colony stimulation factor-1 (50 ng ml À 1 ; R&D Systems, Minneapolis, MN) for 7 days.
Bacteria. P. aeruginosa (PA01) and S. aureus (US300) were grown in tryptic soy broth and nutrient broth, respectively, and incubated with gentle agitation overnight at 37 1C. S. pneumoniae (serotype 3, 6303) was grown in Todd Hewitt Broth with 0.5% yeast extract and incubated overnight at 37 1C and 5% CO 2 . CFU were determined by absorbance relative to known standard curves.
Bone marrow transplantation. Healthy 6-8-week-old C57BL/6J male mice were lethally irradiated with a split dose of 13 Gray (13 Gy) with the use of an X-rad 320 irradiator (Kimtron Inc., Oxford, CT). Irradiated mice were infused with 5 Â 10 6 bone marrow cells from a genetically identical donor (C57BL/6J). Mice were housed for 5 weeks after infusion to achieve full reconstitution of their immune system. The percentage of donor-derived cells was B95 ± 1% in the spleen and 82 ± 2% in the lung at this time point, as assessed by transplanting CD45.1 þ bone marrow into C57BL/6J CD45.2 þ mice as shown in Hubbard et al. 20 Model of infection. P. aeruginosa infection was carried out by intratracheal inoculation of 5 Â 10 5 CFU of PA01 in 50 ml of saline solution. The control group received saline solution as placebo. Harvest was performed 24 h after infection; mice were first killed with CO 2 asphyxiation and BAL was performed with 1 ml of phosphate-buffered saline containing 5 mM EDTA, followed by lung perfusion and harvest. CFU measurements were obtained by serial dilution and plating on nutrient agar plates. LPS was given by intratracheal inoculation of 50 mg P. aeruginosa-derived LPS in 40 ml of saline solution.
Tetrazolium dye reduction assay of bacterial killing. AMs from C57BL/6 mice or BMDMs were placed into duplicate 96-well plates: one experimental plate and one control plate. Cells from both plates were infected with IgG-opsonized P. aeruginosa (multiplicity of infection 50:1) for 30 min at 37 1C. The cells on the experimental plate were washed and then incubated with or without treatments at 37 1C for 120 min, whereas the cells on the control plate were washed and then lysed with 0.5% saponin in tryptic soy broth (Sigma-Aldrich) and placed at 4 1C. After 2 h, the cells from the experimental plate were lysed with 0.5% saponin in tryptic soy broth. Both plates were then incubated in a shaker at 37 1C for 4 h. Thiazolyl blue Tetrazolium Bromide assay was performed as recommended by the company. Briefly, a total of 5 mg ml À 1 Thiazolyl blue Tetrazolium Bromide Sigma-Aldrich was added to each plate and incubated for 30 min. Solubilization solution was added to dissolve formazan salts, and the absorbance was read at 595 nm (A595). Results were expressed as the percentage of survival of ingested bacteria normalized to the percentage of control, where the A595 experiment values were divided by the average of the A595 control values. Survival of ingested bacteria ¼ (A595 experimental plate/A595 control plate) Â 100%.
Enzyme-linked immunosorbent assay, protein measurement, immunofluorescence, and immunoblotting. Cytokine measurement was performed with the use of R&D duoset enzyme-linked immunosorbent assay kits for IL-1b, IL-10, and IL-6. Albumin measurements were performed with the Bethyl Laboratory (Montgomery, TX) mouse albumin enzyme-linked immunosorbent assay kit. Protein quantification was achieved with the use of Pierce BCA Assay Kit from Thermo Fisher. Immunofluorescence images were taken with an Olympus 500 confocal microscope (Olympus Corporation, Center Valley, PA).
Histology. Hematoxylin and Eosin stain was performed after perfusion of the lung with phosphate-buffered saline and tissue fixation with 10% formalin. Tissues were left in 10% formalin overnight before replacing fluid with 70% ethanol. Lung samples were processed and stained by McClinchey Histology Services (Stockbridge, MI).
Quantitative real-time PCR. mRNA was isolated using TRIzol according to the manufacturer's instructions. Relative gene expression measurements were achieved with the use of a Step-one plus real-time PCR system from Applied Biosystems (Foster City, CA). Gene-specific primers and probes were designed with the GenScript Real-time PCR primer design software (Genscript Biotech Corporation, Piscataway, NJ).
Statistical analysis. Graphpad Prism version 6 software (Graphpad Prism Software Inc., La Jolla, CA) was used to analyze experimental results. When groups of two were compared, Student's t-test was used to determine statistical significance. Groups of X3 were compared using one-way analysis of variance with Bonferroni multiple mean comparisons. Fisher's exact test was used to compare clearance of bacteria and albumin levels between infected mice. SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/mi
